Abstract-A method is proposed to achieve computerized control of angioplasty balloon inflation, based on feedback from intravascular optical coherence tomography (IVOCT). Controlled balloon inflation could benefit clinical applications, cardiovascular research, and medical device industry. The proposed method was experimentally tested for balloon inflation within an artery phantom. During balloon inflation, luminal contour of the phantom was extracted from IVOCT images in real time. Luminal diameter was estimated from the obtained contour and was used in a feedback loop. Based on the estimated actual diameter and a target diameter, a computer controlled a programmable syringe pump to deliver or withdraw liquid in order to achieve the target diameter. The performance of the control method was investigated under different conditions, e.g., various flow rates and various target diameters. The results were satisfactory, as the control method provided convergence to the target diameters in various experiments.
I. INTRODUCTION
A NGIOPLASTY is the process of widening an artery where stenosis (narrowing) has occurred due to the presence of plaque in the artery wall. It is performed on over one million patients, every year, in the U.S. alone [1] . Angioplasty techniques include inflating a balloon or deploying a stent by inflating a balloon to provide the desired lumen patency.
Presence of a large number of patients suffering atherosclerosis and the possible drawbacks of angioplasty, e.g., restenosis [2] , underline the importance of further research to improve the outcomes of the intervention. After the advent of the drugeluting stents (DESs), the restenosis rate was reduced [3] , [4] . However, application of DES constitutes an improvement in the pharmacologic approach rather than in the mechanical approach to angioplasty. Further research is needed to improve balloon deployment strategies to reduce arterial injury due to excessive mechanical stretching of the vessel walls. Currently, the balloon deployment is performed manually. In such procedures, a syringe is used to inflate the balloon until the luminal diameter achieves a target value, the result being evaluated with X-ray angiography. In the literature, two main shortcomings have been associated to this approach. First, manual inflation renders the quality of results operator-dependent and prone to human error. Second, estimation of luminal diameter depends on angiograms that provide low-resolution silhouette views of the vasculature.
To address the first shortcoming, some researchers proposed the use of computerized inflation devices to inflate the balloon [5] - [7] . Clinical trials of such devices were also reported [8] - [10] . In some studies [8] , [9] , the focus was on using different pressurization rates. In one study [10] , the authors investigated the real-time monitoring of pressure-volume data.
To address the second shortcoming, some clinicians have investigated the application of intravascular imaging techniques, e.g., intravascular ultrasound (IVUS) [11] - [13] . These techniques have been usually applied for verification of the results after the balloon or stent deployment. The process usually involves withdrawing the balloon catheter and replacing it with an intravascular imaging catheter to verify the postdeployment results. A few researchers demonstrated clinical application of integrated IVUS balloon catheters [14] - [16] to monitor the results during balloon inflation.
In this paper, we propose a combination of the aforementioned two approaches to achieve the computerized control of balloon inflation, based on intravascular image processing. To our best knowledge, no result has yet been published proposing such an approach to balloon inflation control. The reasons could be the pervasive application of IVUS that does not provide the desired resolution for this purpose, and also the unavailability of integrated imaging balloon catheters. We present computerized control of balloon inflation inside an artery phantom, based on feedback from intravascular optical coherence tomography (IVOCT) [17] . IVOCT provides a resolution that is almost ten times better than that of IVUS, rendering it an efficient approach for this application. The development of high measurement rate of swept source OCT (SS-OCT) [18] systems in combination with the availability of catheterized probes paved the path toward more clinical applications of IVOCT. In this study, we investigated a new application of IVOCT in angioplasty.
In Section II, we present the applied materials and methods. We describe our imaging system and our imaging balloon catheter. Then, we use a sample image to provide the details on lumen detection algorithm and lumen diameter characterization. Subsequently, we describe our control methodology and the applied hardware implementation. In Section III, controlled balloon inflation results are presented and discussed. Section IV concludes this paper.
II. MATERIALS AND METHODS

A. OCT System
A custom-built SS-OCT system was used for imaging [19] . We used a wavelength swept laser source (Santec, HSL2000), operating with a sweep rate of 30 kHz and a sweep range of over 108 nm around 1.33 μm wavelength to provide a measured axial resolution of about 15 μm in air. The SS-OCT system was configured as a Mach-Zehnder interferometer with balanced detection and was packaged as a mobile unit.
B. IVOCT Imaging Balloon Catheter
To achieve the controlled inflation, based on real-time intraluminal imaging, an IVOCT imaging balloon catheter was developed [20] . In experiments, the imaging probe rotated in a liquid inside a protective polymer sheath (PS). The maximum diameter of the probe was 0.8 mm. At the tip of the probe, the light was focused by a gradient index (GRIN) lens and redirected at 90
• by a right angle prism. Rotation and translation of the probe were ensured by a custom pullback unit.
The probe and its PS were inserted into the balloon. Fig. 1 illustrates the resulting IVOCT imaging balloon catheter. The balloon, used in this catheter, was a semicompliant balloon, made from polyurethane. The nominal diameter of the balloon, i.e., the diameter after unfolding and before stretch, was 4 mm. For experiments, the deflated balloon was manually folded to a diameter smaller than 3.2 mm. 
C. IVOCT Images
In this section, we present a sample image, obtained during balloon inflation inside a custom-built multilayer optical phantom [21] . The phantom was made of three layers with different optical scattering and optical attenuation properties. These layers simulated optical properties of the layers of the coronary artery, namely, intima, media, and adventitia. The phantom also had relevant mechanical properties for small deformations.
For imaging, a frame rate of 20 frames per second was used. Fig. 2 illustrates an acquired OCT image of the balloon inside the phantom, in polar and Cartesian coordinates. In this image, the balloon is not yet inflated and is in a folded state. Deflection of light in the balloon folding partially distorts the image. An example can be seen at 6 o'clock position in Fig. 2(b) . Fig. 2 (a) presents a gray-scale image matrix, acquired during one full rotation of the probe. In this figure, the horizontal and the vertical axes, respectively, correspond to the probe rotation angle and radial optical distance, i.e., the product of the geometrical distance and the refractive index. Each column in the image matrix represents a depth scanning profile at a particular angle and is called an A-scan. A sample A-scan is depicted by a radial (red) line. The values on the primary axes (bottom and 
D. Lumen Detection in IVOCT Images
In order to estimate the luminal diameter of the phantom in real time, a lumen contour was first detected. The detected contour was composed of n nodes, each of which was detected on the lumen border of a selected A-scan. These nodes could be detected on all A-scans. Therefore, the value of n could be as large as the number of A-scans. In our real-time control application, detection of a subset of nodes provided sufficient precision and increased processing speed.
Let j, where j = 1, 2, . . ., n, denote the index to the Ascans processed to extract the contour nodes. In order to fully determine the coordinates of the contour nodes, on each A-scan, a depth index i j was estimated.
The applied lumen detection steps were as follows:
Step 1: First, we selected n A-scans (in the results of this paper, n = 24), distributed at equal angles over a full rotation. Fig. 3 (a) demonstrates a sample A-scan that is used to explain the detection steps. This is the A-scan corresponding to the radial (red) line in Fig. 2 .
Step 2: Some A-scans including the one presented in Fig. 3 (a) passed through a balloon folding region. Deflection of light in the balloon folding caused discontinuity and distortion in the phantom image, which made it difficult to detect the lumen border from a single A-scan in a distorted region. This can be verified in Fig. 3 (a). We needed a robust detection for such A-scans. In order to provide the necessary robustness in our algorithm, each element of the corresponding A-scan was averaged with the elements at the same depth of the w neighboring A-scans on each side of the corresponding A-scan. Fig. 3(b) shows how the application of averaging more clearly defines different regions. The balloon (B) and the PS can each be distinguished by a pair of spikes. The phantom media (M) and the phantom adventitia (A) can be identified as extended regions with different intensities. The phantom intima (I) and the prism surface (R) correspond to single spikes. The prism surface is represented by R, since it was used as a reference for automatically registering the images in the radial direction. The prism surface was automatically detected by a peak detection technique. The depth of the prism surface was obtained as a constant pixel value in each image. The correct depth was determined by the known dimensions of the prism. The images were then registered by positioning the prism surface at its correct depth.
Step 3: In this step, a median filter with a coarse scale was used to attenuate single spikes, such as those in Fig. 3(b) , corresponding to the PS, the balloon folding, and the prism surface. This step created an extended elevated region, as shown in Fig. 3 (c) with a width estimating the thickness of the phantom.
Step 4: The lumen border corresponded to the low-to-high edge of the obtained elevated region, generated in the previous step. In this step, we applied a gradient operation to detect this edge. As Fig. 3(d) demonstrates, the lumen border was detected as the maximum of the gradient. The applied algorithm, to detect the contour node on A-scan j, was formulated as
where I is the image matrix, F s is the median filtering with scale s, ∇ is the gradient operation with respect to the depth index i, and "arg max" provides the maximizing index. Fig. 4 presents lumen detection in a sample image and in a sequence of images in the form of a movie clip (available at http://ieeexplore.ieee.org). This figure demonstrates the detected lumen contour (in red) in 78 frames acquired when the balloon was inflated from a pressure of 0 atm to an approximate pressure of 3 atm. The detected nodes are visible on the contour in the form of dots (in red). The circle (in magenta) in the center represents the detected surface of the prism. Using the aforementioned algorithm, detection was performed in real time to control the balloon inflation, as will be shown later.
E. Estimation of Luminal Diameter
The index i j , obtained from the detection algorithm, represented the node position in pixels. This value was converted to a depth value in millimeters in geometrical distance. The depth value was calculated using the following equation:
where r j is the depth value of the detected node in geometrical distance, r p is the distance from the center of rotation to the surface of the prism, i R is the depth of the prism surface in pixels that is constant for all A-scans in the same image, n w is the refractive index of water, and s radial is the radial step size corresponding to each pixel (in our measurements, r p = 0.15 mm, n w = 1.33, and s radial = 0.008 mm). Once the depth value for each contour node was calculated, the average lumen diameter was estimated.
F. Control System Architecture
Fig . 5 demonstrates the proposed balloon inflation control setup. The goal of the control setup was to achieve a desired target diameter for the phantom. In this figure, the role of each element is interpreted in the context of a conventional control system, composed of an actuator, a plant, a sensing mechanism, and a controller:
1) The actuator was a syringe pump to deliver or withdraw liquid to inflate or deflate the balloon. 2) The plant was the entire system composed of tubing, balloon, phantom, etc.
3) The sensing mechanism that was used in the control loop provided an average luminal diameter in real time. It was composed of two main stages. In the first stage, an IVOCT imaging system acquired intraluminal images in real time.
In the second stage, a PC performed image processing and calculated the average luminal diameter D in geometrical distance. The diameter D was subtracted from a desired target diameter D t to generate an error variable e. The error variable was sent to the controller. Alternate measurements could be made on the plant to assess its response to the pump action. A pressure transducer was connected to provide inflation pressures as additional information. The pressure measurements were not used in the feedback loop. 4) The controller sent flow rate commands to the pump to achieve the target diameter. As Fig. 5 depicts, the controller was composed of two components. Based on the sign of the error variable e, the first component determined the direction d assigned to the plunger movement. The function of this component is demonstrated by a graph in Fig. 5 . Positive e indicated that the current diameter was smaller than the target diameter. In this case, a value of "+1" was assigned to d to move the syringe plunger in a direction to deliver more liquid to further inflate the balloon. Negative e indicated that the current diameter was larger than the target diameter. In this case, a value of "−1" was assigned to d to move the syringe plunger in a direction to withdraw liquid to deflate the balloon. A small absolute value for e within a desired neighborhood of zero indicated that the current diameter had almost converged to the target diameter. In this case, in order to prevent from excessive switching in the direction of the plunger movement, no liquid was delivered or withdrawn. This neighborhood of zero appears as a dead zone in the graph representing the first component of the controller. The second component of the controller was a gain, F , which determined the delivery or withdrawal rate. The controller provided the syringe pump with the flow rate f . Based on this flow rate, the syringe pump delivered or withdrew the liquid. In Fig. 5 , the actual delivered volume is represented by V a . We estimated this volume by integrating the flow rate f . This estimate is represented by V .
G. Hardware Implementation of the Control System
Fig. 6 schematically demonstrates our hardware implementation of the control setup, as proposed in Fig. 5 . A commercial syringe pump (PHD 4400, Harvard Apparatus) was used as the actuator for balloon inflation. The syringe pump was composed of a microcontroller and a stepper motor. It could provide a customized flow rate or volume of a liquid. The output of the pump was connected to the IVOCT imaging balloon catheter by a tube and a T connector. Using a second T connector, a pressure transducer (MLH150PSB01A, Honeywell) was connected to the tubing to monitor and record inflation pressures. The sensing mechanism was composed of the OCT probe, the OCT system, and a PC. The data from the OCT system and the pressure transducer were imported to the PC through a data acquisition board (DAQ). The PC was also used as the controller, sending flow rate command to the pump in real time through RS-232 programming. 
III. RESULTS
In this section, we present and discuss the results of an experimental evaluation of the control system when using various values of the target diameter D t and the flow rate gain F . All the diameter values are presented in geometrical distances.
A. Various Target Diameter Values
In angioplasty, before a balloon or a stent is chosen, a target luminal diameter is determined for the stenotic region of the artery, based on angiograms. The goal is to achieve this diameter using balloon angioplasty or stent deployment. In the following, we discuss the performance of the control system in providing various target diameters.
As mentioned earlier, in the experiments, we use a semicompliant balloon. Therefore, in comparison with noncompliant balloons, the balloon can be further inflated to larger diameters once it achieves its nominal diameter of 4 mm. Usually, a semicompliant balloon is used to deploy the stents. Even though, a stent is not used in the experiments, we expect a similar controlled inflation procedure to be applicable in the case of stent deployment. Fig. 7 presents the results, including the diameter, the volume, and the pressure versus time, of two control experiments with different values of target diameter but with the same flow rate gain F . The initial diameter was approximately 3.5 mm. The applied target diameters were 4.1 and 4.3 mm. The value of the gain F was 500 mL/h. As shown in Fig. 7(a) , in both experiments, one could distinguish a small plateau region at an approximate diameter of 3.9 mm before the diameter reached its target value. This region corresponded to the relaxation that occurred when the balloon was completely unfolded. After the balloon was unfolded, it was further inflated until the target diameter was achieved. As shown in Fig. 7(a) , the growth rate of the diameter decreased after the balloon was unfolded. The reason is that once the balloon was unfolded, it significantly contributed to resistance against further deformation.
To compare the transient-and steady-state behavior of the controlled diameter in different experiments, we defined different performance characteristics, based on control engineering conventions and notations. The obtained characteristics are specific to our system and could change for different setups with different catheters, different balloons, different lengths of tubing, etc. Nonetheless, we provide these characteristics in order to provide an assessment of our experiments:
1) Rise time (T r ) was defined as the difference between the times at which 10% and 90% of the desired change in diameter were achieved. This parameter determined the speed of the control system to respond to changes in the target diameter. 2) Percentage overshoot (PO) represented a criterion to determine the excessive growth of the diameter beyond the target value. It was calculated by the following equation:
where D max is the maximum achieved diameter and D 0 is the initial diameter. 3) Settling time (T s ) was defined as the time, after which the convergence error was smaller than 10% of the difference between the initial and the target diameters
4) Steady-state diameter (D ss ) was defined to determine the degree of convergence. After the settling time, the system was considered to be in steady state. We measured the average and standard deviation value of the diameter in steady state, to provide an expression, D ss , for the diameter in steady state. Before obtaining the aforementioned characteristics, the sequence of diameter measurements was passed through a lowpass filter to reduce noise. Table I presents the performance characteristics for the control experiments corresponding to Fig. 7 . The rise time and the settling time increased by approximately 6 and 7 s, respectively, when the diameter target value increased from 4.1 to 4.3 mm. The overshoot decreased for this increase in the target value. The settling times to achieve a desired diameter value were in a relevant range for a clinical application. In a previous clinical study [9] , the researchers used up to 90 s of computerized inflation time followed by maintaining the target pressure for another 20 s. 
B. Various Flow Rate Gain Values
In the literature, different researchers have investigated the effect of fast and slow inflation on the outcomes of angioplasty [22] , [23] . However, the applied procedures are not standardized. A computerized inflation device provides the opportunity to investigate the effect of predetermined inflation rates. We performed experiments to investigate the effect of changing the flow rate in the controlled inflation process. This also helped us test our system for higher inflation rates that allow less time for image processing in the feedback loop. Fig. 8 presents the results, including the diameter, volume, and pressure versus time, of three control experiments with the same target diameter and various values of the flow rate gain F . The initial diameter was approximately 3.5 mm. The target diameter was 4 mm. Values of 500, 750, and 1000 mL/h were applied for the gain F . A plateau region corresponding to the balloon unfolding moment can be distinguished in Fig. 8 at an approximate diameter value of 3.9 mm that is consistent with the experiments using different target diameters. Table II presents the performance characteristics for the control experiments corresponding to Fig. 8 . These characteristics indicate that increasing the flow rate gain improved the rise time. However, increasing the flow rate gain also introduced oscillations in the diameter values, resulting in a larger overshoot and a larger settling time. The large overshoot and oscillations are visible in the graph corresponding to the flow rate gain of 1000 mL/h. The effect of oscillations was revealed in the larger standard deviation of the diameter in steady state corresponding to the gain value of 1000 mL/h.
C. Sequential Target Diameter Values
In angioplasty procedures, it is a common practice to apply a sequential pressurization procedure. First, the balloon is pressurized to a target value; the pressure is maintained for a period of time; and then, the balloon is further pressurized to a higher target value. We performed an experiment, where a sequence of diameter milestones was applied. The initial diameter was approximately 3.5 mm and the flow rate gain F was 500 mL/h. Two target diameters of 3.9 and 4.2 mm were applied sequentially. Fig. 9 presents the results of this experiment. In this figure, IVOCT images are presented at different diameter milestones together with the diameter, volume, and pressure values. The balloon was first inflated to an unfolded state at a target diameter of 3.9 mm. This target diameter was maintained for several seconds. Then, a new target diameter of 4.2 mm was applied. Consistent with what was observed previously, in this experiment, the diameter growth rate during the second phase was smaller than it was in the first phase. A movie clip is included, which is available at http://ieeexplore.ieee.org. The movie clip presents the acquired IVOCT image sequence, synchronized with graphs that display the corresponding real-time diameter, volume, and pressure.
As Fig. 9 demonstrates, the proposed control setup has the flexibility to stabilize over various predetermined diameter values. At each diameter milestone, using the performance specifications, e.g., settling time, the diameter can be stabilized over predetermined periods of time. Further advanced algorithms may provide a diameter trajectory, rather than a constant target diameter, to provide a desired diameter at a desired time. In an angioplasty procedure, such advantage of this methodology could potentially facilitate the process for an operator, providing safer and more precise conditions. Not only such an approach can improve the procedure, but also it can help standardize and compare the results across different institutes for further statistical analysis.
IV. CONCLUSION
We presented a methodology to control the balloon inflation inside deformable structures such as arteries, based on feedback from IVOCT imaging. Using this methodology, we successfully orchestrated the movements of a syringe plunger with the acquired real-time IVOCT images to control luminal diameter. To our knowledge, this was the first demonstration of a controlled clinical application, where IVOCT images were processed in Fig. 9 . Acquired images at (a)-(c) milestone diameters, (d) diameter, (e) volume, and (f) pressure during the control experiment using a sequence of target diameters, i.e., 3.9 and 4.2 mm (movie clip available at http://ieeexplore.ieee.org).
real time in a feedback loop. The combination of IVOCT and control engineering results in a technology that could benefit medical device industry, researchers, and clinical users. For industry, it could provide predetermined and consistent conditions for testing of angioplasty devices. For researchers, it could provide precisely controlled conditions to validate the results of mechanical tests as well as mathematical models, these tests and models being used to improve the design of balloons and stents. For clinical users, a controlled inflation could be a very relevant tool to insure safe percutaneous coronary intervention procedures. The main technical challenge in bringing this technology to the clinical world is the integration of the OCT probe in commercial percutaneous coronary intervention devices. This is an engineering challenge that can be overcome with existing technology. In future study, more complicated control algorithms, e.g., PID controllers, should be applied to improve the performance characteristics. The control algorithm should be designed to also incorporate constraints on the inflation pressures. The technology should also be validated in vivo by performing controlled inflations for angioplasty and stent deployment in animal models. 
